The HMW1-and HMW2-like adhesion proteins of nontypeable Haemophilus influenzae are expressed by 75% of these strains, and antibodies directed against these proteins are protective in animal models of infection. The purpose of the present study was to define the functional activity of human antibodies specific for these proteins in an in vitro complement-dependent opsonophagocytic assay. Human promyelocytic cell line HL-60 served as the source of phagocytic cells, and a commercial preparation of intravenous immunoglobulin (IVIG) served as the source of human antibodies. High-molecular-weight (HMW) proteins were purified from four prototype nontypeable H. influenzae strains and used to prepare solid-phase affinity columns. IVIG was adsorbed on each column to remove strain-specific anti-HMW antibodies and to allow recovery of affinitypurified anti-HMW antibody fractions. Unadsorbed IVIG killed each of the prototype strains at titers of 1:80 to 1:320. HMW-adsorbed sera demonstrated fourfold decreases in opsonophagocytic titer against the homologous strains compared to unadsorbed IVIG. Affinity-purified anti-HMW antibody preparations demonstrated opsonophagocytic titers of 1:20 to 1:80 against the respective homologous strains and opsonophagocytic titers as high as 1:80 against heterologous strains. None of the affinity-purified anti-HMW antibody preparations was opsonophagocytic for a representative nontypeable H. influenzae strain that did not express HMW1-or HMW2-like proteins. These data demonstrate that human antibodies specific for the HMW1/HMW2-like adhesion proteins of nontypeable H. influenzae are opsonophagocytic and that such antibodies recognize epitopes shared by the HMW proteins of unrelated nontypeable H. influenzae strains. These results argue for continued investigation of the HMW1/HMW2-like proteins as potential vaccine candidates for prevention of disease due to nontypeable H. influenzae.
Otitis media remains a significant health problem for children in this country and elsewhere in the world (11, 44) . Most children in this country have had at least one episode of otitis by the third birthday, and one-third have had three or more episodes (37, 44) . In addition to the short-term morbidity and costs of this illness, the potential long-term detrimental effects upon speech and language development in children with persistent middle ear effusion remain a subject of considerable concern (36, 42, 43) . The health care costs of the disease in this country are substantial. The annual cost of the medical and surgical treatment of otitis media in the United States is estimated at between $3 billion and $4 billion (39, 42) . Otitis media experts strongly recommend that efforts be made to develop safe and effective vaccines for prevention of otitis media in young children (29) . Although total prevention of disease will be a difficult goal to achieve, prevention of even a portion of cases would be beneficial, given the magnitude and costs of the problem.
The three major bacteria associated with otitis media are Streptococcus pneumoniae, nontypeable Haemophilus influenzae, and Moraxella catarrhalis (25, 29) . Vaccine development efforts are proceeding for all three organisms and are most advanced for Streptococcus pneumoniae. Recent reports suggest that conjugate vaccines hold great promise for prevention of serious invasive pneumococcal infections such as pneumonia and meningitis (12, 20, 48) . Lesser but still significant protection has been reported for the same vaccines against pneumococcal otitis media (12, 19) .
Nontypeable H. influenzae vaccine development efforts have been ongoing for a number of years. A number of different Haemophilus antigens have been suggested as possible vaccine candidates (1-3, 5, 17, 21, 23, 27, 30, 32, 33, 45, 49) . Several studies have suggested that nontypeable Haemophilus outer membrane proteins are the principal targets of bactericidal and protective antibody (5, 21, 27) and thus should be a focus of vaccine development efforts. Haemophilus proteins P2 and P6 have been characterized and shown to be specific targets of human bactericidal antibody (32, 33) . Another vaccine candidate is the P5 fimbrin adhesion protein (2, 3) . Both native P5 protein and peptide derivatives of this protein have been demonstrated to modify the course of experimental otitis media in chinchillas (2, 3) . Among other proteins still under investigation as potential vaccines are lipoprotein D (1, 3) , recombinant HtrA (30) , transferrin receptor (45) , and OMP26 (17) . Even lipooligosaccharide, in the form of detoxified conjugate preparations, has been the subject of recent detailed investigations as a possible vaccine candidate (23, 49) . However, despite extensive work by many different researchers, it remains unclear which if any of these vaccine candidates will ultimately be able to prevent nontypeable Haemophilus disease in the human host.
In previously reported work, we identified a family of highmolecular-weight (HMW) proteins that are major targets of antibody in serum from children who have recovered from Haemophilus otitis (6) . Subsequently, we cloned and sequenced the genes encoding two such immunogenic high-molecular-weight proteins from a prototypic strain (7) and demonstrated that the proteins encoded by these genes were critical for attachment of nontypeable H. influenzae to human epithelial cells in vitro (40) . The prototypic proteins were designated HMW1 and HMW2, and we demonstrated that approximately 75% of unrelated nontypeable Haemophilus organisms express these proteins (7, 41) . Given the functional role of these proteins as adhesins and their highly immunogenic character, we reasoned that these high-molecular-weight proteins warranted consideration as possible vaccine candidates. Subsequently, we reported that immunization with the Haemophilus high-molecular-weight adhesion proteins was protective in the chinchilla model of otitis media (4) .
In the present article, we report on the ability of human antibodies directed against these HMW1/HMW2-like proteins to mediate opsonophagocytosis of nontypeable H. influenzae in a modification of a recently described assay that employs HL-60 cells as effector cells (38) . By employing guinea pig serum as a complement source, we were able to focus specifically on the ability of these antibodies to mediate opsonophagocytic killing of nontypeable H. influenzae, as opposed to complement-dependent bacteriolysis, because guinea pig serum is unable to support complement-dependent bactericidal activity with human antibodies (34) .
MATERIALS AND METHODS

Bacterial strains.
The nontypeable H. influenzae strains used in these studies have been described previously (6) . The five strains that are the focus of this investigation were all isolated in pure culture from middle ear fluid specimens from children with acute otitis media. Each strain was identified as H. influenzae by standard methods and was classified as nontypeable by its failure to agglutinate with a panel of typing antisera for H. influenzae types a to f (Burroughs Wellcome Co., Research Triangle Park, N.C.) and failure to show lines of precipitation with these antisera in counterimmunoelectrophoresis assays. Strains 12, 15, 16 , and 17 were representative strains known to express highmolecular-weight HMW1/HMW2-like adhesion proteins (7). Strain 11 is our prototype strain that expresses the Hia high-molecular-weight adhesion protein (9) but not HMW1/HMW2-like proteins. Strains 12-4 and 15-1 are isogenic derivatives of the respective parent strains that are deficient in expression of the HMW proteins (40) . All organisms were stored at Ϫ70°C in skim milk within two or three subpassages of the initial clinical isolation.
Growth conditions of bacteria for opsonophagocytosis assay. Bacteria were recovered from skim milk stocks by transfer of a loopful of thawed organisms to a chocolate agar plate and incubation for 16 h at 37°C in a 5% CO 2 atmosphere. The next day, 5 to 10 colonies were isolated with a sterile loop and used to inoculate 50 ml of brain heart infusion broth supplemented with NAD and hemin, each at 10 g per ml. Growth proceeded for 4 to 6 h at 37°C in 250-ml Erlenmeyer flasks with a shaker-incubator (model number G25; New Brunswick Scientific Co., Inc., Edison, N.J.). Bacteria in mid-log phase with an A 600 of 0.5 to 0.6 were harvested by centrifugation at 12,000 ϫ g at 4°C and washed twice with Veronal-buffered saline with 0.5% bovine serum albumin (BSA) and CaCl 2 and MgCl 2 at final concentrations of 0.15 mM and 0.5 mM, respectively. In preliminary experiments, bacteria demonstrated no loss of viability when maintained in this buffer for up to 4 h at 0 or 37°C. The washed bacterial cells were maintained at 0°C for less than 1 h before being used in the opsonophagocytosis assay described below.
Purification of HMW adhesion proteins. The native high-molecular-weight adhesion proteins HMW1 and HMW2 were purified from prototype nontypeable Haemophilus strains as previously described (4) . The frozen bacterial stock culture was streaked onto a chocolate plate and allowed to grow overnight at 37°C in an atmosphere of 5% CO 2 . The following day a 50-ml starter culture of brain heart infusion (BHI) broth supplemented with hemin and NAD was inoculated with 5 to 10 colonies. The starter culture was shaken at 37°C in a rotary incubator at 250 rpm until the culture reached an A 600 of 0.6 to 0.8. Six 500-ml flasks of supplemented BHI broth were then inoculated with 8 to 10 ml of the bacterial suspension from the starter culture and allowed to grow to an optical density of 1.2 to 1.5. Bacterial cells from the six flasks were pelleted by centrifugation at 12,000 ϫ g for 10 min at 4°C and frozen overnight at Ϫ20°C in preparation for purification of the proteins.
The following day, the bacterial pellets from the six flasks were resuspended uniformly and combined in 250 ml of extraction solution, consisting of 0.5 M NaCl, 0.01 M disodium EDTA, 0.01 M Tris, and 50 M 1,10-phenanthroline, pH 7.5. The bacterial cells were not sonicated or otherwise mechanically disrupted, but simply resuspended and allowed to incubate at 0°C for 60 min. The bacterial suspensions were then centrifuged at 12,000 ϫ g for 10 min at 4°C to remove the majority of intact cells and cellular debris. The supernatant, containing the water-soluble high-molecular-weight adhesion proteins, was then subjected to centrifugation at 100,000 ϫ g for 60 min at 4°C to remove membrane fragments and additional debris. The supernatant from this ultracentrifugation step, containing the high-molecular-weight proteins, was dialyzed overnight at 4°C against 0.01 M sodium phosphate, pH 6.0.
The next day, the sample was centrifuged at 12,000 ϫ g for 10 min at 4°C to remove insoluble debris, which sometimes precipitated from the solution during overnight dialysis. The supernatant was then applied to a 10-ml carboxymethylSepharose column (Sigma Chemical Co., St. Louis, Mo.) which had been preequilibrated with 0.01 M sodium phosphate, pH 6.0. Following application of the protein-containing sample, the column was washed with 2 column volumes of 0.01 M sodium phosphate, and the proteins were eluted with a 0 to 0.5 M KCl gradient. Column fractions were analyzed on Coomassie gels to identify fractions containing high-molecular-weight proteins. Column fractions containing the high-molecular-weight proteins were pooled, concentrated to a volume of 1 to 3 ml, and maintained at 0°C overnight.
The next day the sample was applied to a Sepharose CL-6B (Sigma) gel filtration column equilibrated with phosphate-buffered saline (PBS), pH 7.5. Column fractions containing high-molecular-weight proteins free of contamination by lower-molecular-weight species were identified by analysis on Coomassie gels. The relevant fractions were pooled and stored at Ϫ70°C in preparation for coupling to the affinity matrix.
Preparation of HMW protein affinity columns. Each of the purified protein preparations was coupled to cyanogen bromide-activated Sepharose 4B (Sigma) with standard techniques to generate solid-phase adsorbent columns. In brief, 15 to 20 mg of each purified protein was dissolved in 5 ml of coupling buffer (0.1 M sodium bicarbonate, 0.5 M NaCl, pH 8.3) and reacted overnight at 4°C with gentle rocking with 0.75 g of activated Sepharose 4B. Residual reactive groups were then blocked by the addition to the gel suspensions of 1 ml of 3 M ethanolamine and incubation until the following day at 4°C. The gel-protein matrices were then washed extensively with alternating volumes of coupling buffer and acetate buffer (0.1 M sodium acetate, 0.5 M NaCl, pH 4.0) to remove noncovalently bound HMW proteins. Columns were then equilibrated with PBS-0.5% BSA prior to use for affinity chromatography. Total swollen gel volume was approximately 2 ml for each column. A control column was prepared with BSA as the coupled protein. The protocol used was as outlined above for the HMW proteins.
Affinity chromatography. The intravenous immune globulin (IVIG) product used for preparation of the affinity-purified anti-HMW fractions was commercially available Immune Globulin Intravenous (Human) Gammagard S/D, 0.5 g (Baxter Healthcare Corporation, Glendale, Calif.). This preparation is a solventand detergent-treated sterile, freeze-dried preparation of highly purified immunoglobulin G (IgG) derived from large pools of human plasma (package insert, Baxter Healthcare Corporation, Glendale, Calif.). When reconstituted with sterile water, this preparation contains approximately 50 mg of protein per ml, of which at least 90% is gamma globulin. For reference, this final concentration is approximately five times the concentration of IgG present in normal human adult serum (10) . Exactly 5 ml of the IVIG solution was passed over each of the four HMW protein affinity columns to generate the respective adsorbed fractions and allow recovery of affinity-purified anti-HMW antibody fractions. Strainspecific anti-HMW antibody, as measured by enzyme-linked immunosorbent assay (ELISA; see below), was removed with greater that 95% efficiency by each of the columns. The columns were next washed with 10 column volumes of PBS-0.5% albumin, and affinity-purified anti-HMW antibodies were then eluted with 2 column volumes of 0.1 M glycine, pH 2.5. The anti-HMW antibody fractions were immediately neutralized following elution with 1 M Tris, pH 8.0. Both the IVIG-adsorbed fractions and the affinity-purified anti-HMW antibody fractions were dialyzed extensively against PBS at 4°C before further use. Prior to use in the opsonophagocytic assay, the affinity-purified strain-specific anti-HMW fractions were concentrated so that their anti-HMW titers as determined by ELISA were equivalent to those of the original starting IVIG solution.
ELISA methodology. Antibody directed against the native HMW1 and HMW2 proteins was determined by ELISA in an assay modified slightly from that described previously (4) . In brief, 96-well flat-bottomed enzyme immunoassay microtitration plates (Linbro/Titertek; Flow Laboratories, Inc, McClean, Va.) were coated overnight at 4°C with a purified HMW1/HMW2 mixture (10 g of total protein per ml) in NaCO 3 buffer, pH 9.6. The following day, the plates were blocked with PBS-0.5% BSA at room temperature for 1 h. The plates were then washed with PBS-0.5% BSA-0.05% Tween 20 prior to addition of the gamma globulin preparation or derived fractions. The test samples were serially diluted in PBS-0.5% BSA-0.05% Tween 20 with a starting dilution of 1:100. Samples were incubated for 1 h at room temperature. Following additional washes, the wells were incubated with a 1:3,000 dilution of goat anti-human IgG antibody (Life Technologies, Gaithersburg, Md.) and incubation was also carried out for 1 h at room temperature. Following additional washes, the wells were incubated with 200 l of a 1-mg/ml solution of p-nitrophenylphosphate in 10% diethanolamine buffer (pH 9.8). Absorbance was monitored at 405 nm with a Titertek multiscan spectrophotometer (Flow Laboratories).
Adsorption of affinity-purified anti-HMW antibody preparations with parent or HMW-deficient mutant nontypeable H. influenzae. Nontypeable H. influenzae strains 12 and 15 and their isogenic HMW-deficient mutants were grown as described above. Following buffer washes, each of the bacterial strains was resuspended in Veronal-buffered saline to a final optical density of approximately 2.0. A 300-l volume of each of these suspensions was mixed in a microcentrifuge tube with 300 l of affinity-purified antibodies prepared against either strain 12 or strain 15 HMW proteins. The mixtures were incubated for 18 h overnight with constant rocking at 4°C. Following incubation, bacterial cells and bound antibodies were removed by centrifugation, and the supernatants were recovered in preparation for analysis in the opsonophagocytic assay.
Growth and differentiation of HL-60 cells. The methods used for growth and differentiation of the HL-60 cells were based upon those described previously by Romero-Steiner and coworkers (38) Undifferentiated cells were divided two to three times per week (starting inoculum, 2 ϫ 10 5 cells per ml) to maintain cell densities in the desired range. Undifferentiated cells grown to a cell density of approximately 5 ϫ 10 5 per ml were used for differentiation. Differentiation was carried out in cultures with 180-ml volumes (T-150) of RPMI 1640 medium containing 1% L-glutamine, 15% fetal bovine serum, 100 mM N,N-dimethylformamide (99.8% purity; Sigma), and no antibiotics. A sufficient volume of the undifferentiated cell culture suspension was used to provide 2 ϫ 10 5 cell per ml in 180 ml in the differentiated cell culture flask. Undifferentiated cells were pelleted by centrifugation (150 ϫ g for 8 min at room temperature) and resuspended in 150 ml of medium in a T-150 flask. N,N-Dimethylformamide (1.5 ml) was added to a 30-ml aliquot of culture medium, mixed thoroughly, and then added to the 150-ml cell suspension. Cultures were incubated in a horizontal position at 37°C in a 5% CO 2 atmosphere for 5 to 7 days. Differentiation medium was not replaced during the incubation period. Granulocytic differentiation was determined by visual examination of the tissue culture flasks with an inverted microscope for characteristic morphological changes of differentiation and by microscopic examination of Giemsa-stained smears.
Opsonophagocytic assay with HL-60 cells. Differentiated HL-60 cells were used in the opsonophagocytic assay at an effector-to-target cell ratio of approximately 100:1. Differentiated cells were harvested by centrifugation (150 ϫ g for 8 min at room temperature). The volume of differentiated cell culture required per microtiter plate was determined by the viable cell count of the culture (always Ն90% for the cells to be considered acceptable for use) and by the number of microtiter wells being used in a given day's assay. The appropriate volume was centrifuged as described above, and the supernatant was discarded, removing any excess medium. The cell pellet was resuspended in Hanks' buffer without Ca 2ϩ and Mg 2ϩ (Life Technologies) at 5 ml per 50 ml of centrifuged cell culture. The resuspended cells were kept at 37°C in a 5% CO 2 atmosphere until immediately before use in the functional assay. At this point, the cell suspension was centrifuged as described above, and the supernatant was discarded. The cell pellet was gently resuspended in opsonophagocytosis buffer (3 ml of Veronal-buffered saline with Ca 2ϩ and Mg 2ϩ and 0.5% BSA) (6) and used immediately in the functional assay.
For the functional assay, 20 l of each antibody preparation was aliquoted into a well (round-bottomed) in the first row of the microtiter plate (Costar, Cambridge, Mass.). Samples were serially diluted (twofold) in 10 l of opsonophagocytosis buffer for from four to eight dilutions, depending upon the assay. Once all serum samples were diluted, 20 l of the bacterial suspension appropriately diluted in opsonophagocytosis buffer (approximately 5 ϫ 10 3 CFU) was added to each well. The bacterial suspension was prepared by dilution of freshly grown and harvested log-phase bacteria prepared as described above. The assay plate was allowed to incubate at 37°C in a 5% CO 2 atmosphere for 15 min. Following this incubation period, 15 l of complement source (sterile guinea pig serum; Invitrogen Life Technologies, Carlsbad, Calif., or Rockland Inc., Gilbertsville, Pa.) was added to each well. Guinea pig serum was kept frozen at Ϫ70°C in 0.5-ml aliquots until used.
Immediately after the addition of complement, 60 l of washed differentiated HL-60 cells (approximately 5 ϫ 10 5 cells) was added to each well. The assay plate was then incubated at 37°C for 90 min with horizontal shaking (220 rpm) in room air to promote the phagocytic process. At the end of the incubation period, a 10-l aliquot from each well was plated onto a chocolate agar plate and spread for subsequent counting. Culture plates were incubated overnight at 37°C, and viable colony counts were performed the following day. Complement control wells included all of the test reagents except the antibody preparation and were included in the analysis of each strain under study. In addition, each antibody sample tested had a heat-inactivated complement control included on the same plate. Each antibody sample was run in duplicate on the same plate.
Means and standard deviations for measured killing at each antibody dilution were calculated with the heat-inactivated control sample in each dilution series as the reference. Statistical analyses were performed with the NCSS 2000 software package (NCSS, Kaysville, Utah). Opsonophagocytosis titers were defined as the reciprocal of the serum or antibody dilution that resulted in Ն50% killing of the bacterial inoculum compared to growth in the heat-inactivated complement control wells.
RESULTS
Opsonophagocytosis assay for measurement of functional antibody against nontypeable H. influenzae. Our principal goal in this investigation was to assess the contribution of antibodies directed against the HMW1/HMW2-like proteins of nontypeable H. influenzae to the opsonophagocytic activity present in the natural human antibody repertoire. As a source of antibodies, we used a commercially available intravenous immunoglobulin preparation, Gammagard S/D. This preparation is a freeze-dried preparation of highly purified IgG derived from large pools of human plasma. The manufacturing process isolates IgG without additional chemical or enzymatic modification, and the F c portion of the molecule remains intact. The antibody preparation contains all of the IgG antibody activities that are present in the donor population, and the IgG subclasses are present in a distribution similar to that in normal plasma (package insert, Baxter Healthcare Corporation, Glendale, Calif.). The nontypeable H. influenzae antibody specificities of such a preparation would be predicted to be representative of the normal antibody repertoire of adults. Of note, Romero-Steiner and coworkers used a similar commercially available antibody preparation in standardization of their opsonophagocytic assay (38) .
The IVIG preparation was first monitored for its ability to mediate killing activity in the opsonophagocytic assay with a panel of four prototype nontypeable H. influenzae strains. 6886 WINTER AND BARENKAMP INFECT. IMMUN.
These four strains were all known to express HMW1/HMW2-like adhesion proteins. As shown in Table 1 , measured opsonophagocytic titers ranged from 1:80 to 1:320 for the four strains tested. Figure 1 demonstrates a composite set of killing curves for these four strains. As can be seen, each of the strains demonstrated a concentration-dependent decrease in killing as the IVIG preparation was serially diluted. On repeated measurements, the titer at which 50% or greater killing was demonstrable was always within one tube dilution of the listed titers. It should be noted that the range of IVIG dilutions tested, 1:10 to 1:1,280, corresponds to IgG concentrations of 500 to 1.8 mg per dl, concentrations well within the normal concentration range of IgG antibody in adult serum (normal adult values, 640 to 1,350 mg of IgG per dl) (10) . None of the bacterial strains was killed by the IVIG preparation if guinea pig complement alone (without HL-60 cells) was added to the reaction wells, consistent with the published literature (34) . Preparation and characterization of HMW adsorbed fractions and affinity-purified anti-HMW antibodies. We next examined the effect of removal of antibodies directed against the HMW1/HMW2-like adhesion proteins on the opsonophagocytic activity measurable in the IVIG preparation. Solid phase affinity columns were prepared with purified HMW1/HMW2-like proteins from each of the prototype strains and the IVIG preparation was adsorbed on each of the columns to remove antibodies specific for the proteins. As a control, we also prepared an affinity column with bovine serum albumin coupled to the affinity matrix. Strain-specific anti-HMW antibodies were subsequently eluted from each column for further study. The efficiency of column adsorption and recovery of affinity-purified antibodies were monitored both by ELISA and by Western blot.
Shown in Fig. 2 is a Western blot with representative serum fractions assayed against cell sonicates of two of our prototype strains, strain 12 sonicates (lanes 1 to 4) and strain 15 sonicates (lanes 5 to 8). Lanes 1 and 5 demonstrate the reactivity of the unadsorbed IVIG preparation with sonicates of strain 12 and of strain 15, respectively. As can be seen, the preparation had significant reactivity with a number of protein species in each strain. Lanes 2 and 6 demonstrate the reactivity of the IVIG preparation after adsorption on the strain 12 HMW and strain 15 HMW affinity columns, respectively. As can be seen, such adsorption resulted in loss of reactivity with two prominent high-molecular-weight bands for each strain, as indicated by the arrows. These bands correspond to the HMW1 and HMW2 proteins, in the case of strain 12, and the corresponding HMW1-and HMW2-like proteins, in the case of strain 15. Reactivity with the remainder of the bands remained virtually unchanged.
Evidence that the bands against which reactivity was removed are in fact members of the HMW family of proteins is demonstrated in lanes 4 and 8. These are lanes in which monoclonal antibodies that recognize common epitopes on the HMW1-and HMW2-like proteins were reacted with the respective sonicates, monoclonal antibody 4B2 in lane 4 and monoclonal antibody 1D5 in lane 8. Lanes 3 and lane 7 demonstrate the reactivity of the affinity-purified antibodies recovered from the strain 12 HMW and the strain 15 HMW affinity columns, respectively. As can be seen in these lanes, the affinity-purified antibodies had predominant activity directed against the same bands against which reactivity was removed in the adsorbed fractions. Lesser reactivity with lower-molecular- weight bands is also noted. This latter reactivity likely represents reaction with breakdown products of the mature HMW proteins. We have observed that the HMW proteins are very susceptible to proteolysis. Of note, in this regard, the monoclonal antibodies also recognized a number of lower-molecularweight species. This is perhaps best appreciated in careful examination of the reactivity of monoclonal antibody 4B2 with the strain 12 sonicate (lane 4). Effect of adsorption with HMW adhesion proteins on the opsonophagocytic activity of the intravenous immunoglobulin preparation. Having prepared the various HMW-adsorbed fractions noted above, we next examined the functional activity of these fractions in the opsonophagocytic assay. Shown in Fig.  3 are results of a representative opsonophagocytic assay when samples before and after removal of antibodies specific for the HMW proteins were examined. As can be seen, removal of anti-HMW antibodies led to a substantial decrease in opsonophagocytic killing activity. In contrast, no evidence of decreased killing was observed for the IVIG sample adsorbed on the control albumin affinity column.
Shown in the Table 1 are the measured titers of the IVIG preparation against each of the four strains before and after removal of strain-specific HMW antibodies. As can be seen, removal of anti-HMW antibodies resulted in fourfold decreases in the measured opsonophagocytic titer for each of the strains examined. It should be emphasized that each of these experiments tested the effect of removal of antibodies against the homologous strain. Little to no decrease in titer was demonstrable if the HMW-adsorbed IVIG preparations were tested against heterologous strains. Furthermore, as inferred above, no decrease in titer was demonstrable with any of the strains when the IVIG preparation adsorbed on the albumin control column was compared to the unadsorbed preparation.
Opsonophagocytic activity of affinity-purified anti-HMW antibodies against homologous and heterologous nontypeable H. influenzae strains. Finally, having prepared the affinitypurified anti-HMW antibody preparations as described above, we examined their functional activity in the opsonophagocytic assay against both homologous and heterologous strains. Fig. 4 are representative results of the opsonophagocytic assay with one of our prototype bacterial strains when assayed with the entire panel of affinity-purified anti-HMW preparations. As can be seen, each of the affinity-purified anti-HMW preparations was able to mediate opsonophagocytic killing at some level against strain 16. In contrast, the affinitypurified antialbumin control preparation had no demonstrable activity (data not shown). . Table 2 summarizes the opsonophagocytic titers of each of the affinity-purified antibody preparations against the entire panel of prototype strains. Although the measured titers are clearly much lower than those of the IVIG starting preparation, the data demonstrate opsonophagocytic activity of the affinity-purified anti-HMW preparations against both homologous and heterologous nontypeable H. influenzae strains that express the HMW1/HMW2-like proteins. None of the anti-HMW preparations had demonstrable opsonophagocytic killing activity against nontypeable Haemophilus strain 11, our prototype strain that expresses the Hia adhesion protein but does not express an HMW1/HMW2-like protein (data not shown). However, it should be noted that strain 11 was efficiently killed in the opsonophagocytic assay at a titer of 1:80 by the intravenous immunoglobulin preparation Adsorption of affinity-purified anti-HMW antibody preparations with nontypeable H. influenzae parent strains and iso- 12-4 (40) . As can be seen, adsorption of either the anti-12 HMW or the anti-15 HMW preparation with strain 12, a strain that expresses high levels of the HMW proteins, resulted in marked decreases in the opsonophagocytic killing activity. In contrast, adsorption with the isogenic HMW-deficient strain was not associated with any notable change in opsonophagocytic activity. In a second experiment, the same two anti-HMW preparations were adsorbed with nontypeable Haemophilus strain 15 and the isogenic HMW-deficient strain 15-1. Comparable results were obtained in that adsorption of either affinity-purified antibody preparation with the parent strain 15 that expresses HMW proteins was associated with a marked decrease in opsonophagocytic activity while adsorption with the HMW-deficient strain led to no demonstrable decrease in killing activity (data not shown).
Shown in
DISCUSSION
Host immunity against nontypeable H. influenzae is mediated both by the relatively nonspecific components of the innate immune system (22, 31, 46, 47) and by specific antibodies that induce bacteriolysis of the infecting organisms (6, 32, 33) or that facilitate opsonophagocytosis in concert with host leukocytes and complement (34) . Although several laboratories have published reports on the opsonophagocytic activity of antibodies directed against selected H. influenzae antigens (14, 24, 34) , the details of the assays have varied and the assays in general have been hampered by nonuniformity of the phagocytic cell preparations used from day to day. These problems have precluded development of a standardized opsonophagocytic assay. Recently, Romero-Steiner and coworkers described the development of an opsonophagocytic assay for measurement of functional antibody activity against Streptococcus pneumoniae with differentiated HL-60 cells (38) . The HL-60 cell line is a human promyelocytic continuous cell line that can be grown in suspension and differentiated into polymorphonuclear-like cells with polar organic compounds such as N,N-dimethylformamide (15) . The induced cells possess the cell receptors necessary for an effective phagocytic function, primarily Fc␥II, CR1, and CR3 (38) . The opsonophagocytic assay has been quite valuable for monitoring the functional activities of antibodies directed against Streptococcus pneumoniae in several different investigations (26, 28, 35) , and the assay may ultimately be able to serve as an in vitro surrogate of protection against pneumococcal disease (38) .
In the work described in this paper, the opsonophagocytic assay was adapted to allow the measurement of antibody with opsonophagocytic activity against nontypeable H. influenzae. Minor modifications in the assay were made, including changes in the preparation of the bacteria, changes in the buffer used for bacterial washes and the reaction mixture, and a change in the complement source. However, the basic protocol was as originally described. One small but important change was the substitution of guinea pig serum for rabbit serum as the source of complement. Because nontypeable H. influenzae is susceptible not only to opsonophagocytic killing but also to complement-dependent bactericidal killing, if the complement source is capable of mediating both sorts of activities, it would be difficult in an assay such as this to distinguish between the two. It is well known that rabbit complement can support complement-dependent bacteriolysis of nontypeable H. influenzae and, in fact, often has naturally occurring bactericidal activity for these organisms (18) . In contrast, guinea pig serum as a complement source is unable to support complement-dependent bactericidal activity with human antibodies (34) . Thus, in our modified assay we were able to focus specifically on the ability of the antibodies to mediate opsonophagocytic killing of nontypeable H. influenzae.
Removal of anti-HMW antibodies from the intravenous immunoglobulin preparation resulted in strain-specific decreases in opsonophagocytic activity of the resulting adsorbed fractions. In contrast, the affinity-purified anti-HMW antibodies recovered from affinity columns demonstrated opsonophagocytic activity, not only against the homologous strain, but also against heterologous strains. The explanation for these seemingly disparate findings remains speculative at this point. We know from DNA sequence analyses and examination of the molecular masses of the HWM proteins from unrelated strains that the HMW proteins demonstrate significant strain heterogeneity (7; authors' unpublished observations). However, these proteins have also been demonstrated to share a number of surface-accessible B-cell epitopes (8) . Our speculation is that adsorption of anti-HMW antibodies from the IVIG preparation by affinity chromatography removes both strain-specific antibodies and other antibodies recognizing "common" epitopes on the HMW proteins. However, even after adsorption, many antibodies capable of mediating opsonophagocytic activity would be predicted to remain in the adsorbed fractions, including anti-HMW antibodies that recognize strain-specific epitopes on the HMW proteins of heterologous strains. Thus, it is not surprising that the opsonophagocytic activity of the adsorbed fractions against heterologous strains is little changed by adsorption. The affinity-purified antibody fractions, containing antibodies against both strain-specific and common epitopes on the HMW proteins, would be predicted to be capable of mediating opsonophagocytic activity against both homologous and heterologous strains, as we demonstrated experimentally. Additional characterization of the immunogenic epitopes present on the HMW proteins should help to further clarify these issues. Clear differences were observed among our four prototype strains in their susceptibility to opsonophagocytic killing. For example, the opsonophagocytic activity of the IVIG preparation against strain 12 was fourfold lower than that demonstrated against the other three strains. Differences were also seen in the susceptibility of strains to killing by the affinitypurified antibody preparations. The explanation for these differences can only be speculated upon at this point. The bacterial surface of nontypeable H. influenzae is a very dynamic structure and a number of surface molecules, some of which may undergo antigenic and phase variation, are known to influence the interactions of bacteria with the host immune system (13, 16, 18, 46, 47) . In the case of the HMW proteins, variation in expression level may directly influence the ability of the immune system to clear infection in vivo (5) and similar differences in levels of HMW protein expression could influence the ability of antibodies directed against these proteins to mediate opsonophagocytic activity in vitro. At present, we have no information on any differences that may exist in the lipooligosaccharide phenotypes or in the relative levels of expression of the HWM proteins in our panel of prototype strains, but these may be fruitful areas to pursue in future investigations.
Antibodies specific for the HMW1/HMW2-like proteins are not capable of mediating bacteriolysis in a standard bactericidal assay for nontypeable H. influenzae (6, Authors' unpublished observations). However, with our modification of the Romero-Steiner assay, we demonstrated that antibodies directed against the HMW1/HMW2-like proteins are major mediators of the opsonophagocytic activity present in the natural human antibody repertoire. These data suggest that antibodies specific for the HMW1/HMW2-like proteins may have an important role in human host immunity. We also demonstrated that antibodies directed against the HMW1/HMW2-like proteins could mediate opsonophagocytic activity not only against homologous, but also against heterologous nontypeable H. influenzae strains. These data suggest that common epitopes recognized by opsonophagocytic human antibodies are present on the HMW1/HMW2-like proteins of nontypeable H. influenzae. Demonstration that the HMW1/HMW2-like adhesion proteins of nontypeable H. influenzae are targets of naturally acquired opsonophagocytic human antibodies and that shared epitopes recognized by such antibodies exist argue for the continued investigation of these proteins as potential vaccine candidates for prevention of nontypeable H. influenzae disease.
